The viral dissemination in a patient with avian influenza A subtype H5N1 infection was retrospectively studied by the immunohistochemical localization of viral nucleoprotein antigen. The pathology was marked by diffuse alveolar damage, lymphoid depletion, and reactive hemophagocytic syndrome. Besides the lung and the upper respiratory tract, viral antigen was detected in the small and large intestinal epithelial cells, hematopoietic cells in the bone marrow, glial cells and neurons of the brain, and lymphocytes. The results confirmed that H5N1 virus disseminated to multiple organs beyond the respiratory system. However, specific pathological changes were noted in the respiratory system only, and productive viral replication confirmed by culture was noted only in the lung. More postmortem studies are needed to elucidate the pathogenesis of this highly fatal zoonotic disease.
Introduction
Highly pathogenic avian influenza A virus H5N1 subtype is endemic in poultry in some countries [1] and has caused more than 300 human infections in 15 countries with about 60% mortality since 2003 [2] . The pathology was marked by diffuse alveolar damage, lymphoid depletion, and reactive hemophagocytic syndrome [3, 4] . Positive postmortem viral culture was limited to the lung. Recently, Gu et al [5] demonstrated extrapulmonary dissemination of H5N1 in 2 cases, including vertical transmission to a fetus. Here, we report the retrospective examination of viral dissemination in a patient by the immunohistochemical localization of viral nucleoprotein (NP) antigen. NP could be demonstrated in the cytoplasm and nuclei of infected host cells during viral replication.
Materials and methods
The clinical and brief pathological features of the patient were reported previously [6] . The patient was a 33-year-old man who died of respiratory failure on day 11 of disease in 2003 in Hong Kong. He was admitted for symptoms of influenza for 4 days. Mild lymphopenia and radiological evidence of right lower lobe consolidation were noted. He was diagnosed with atypical community acquired pneumonia and was started on intravenous cefotaxime, oral clarithromycin, and sultamicillin after microbiological tests, which turned out to be negative. He continued to deteriorate with increased dyspnea, bilateral chest consolidation, and hypoxemic respiratory failure requiring intensive care on day 3 of admission. Oral oseltamivir was added. His oxygen saturation was at 93.3% with a 50% oxygen mask. Mechanical respiration was needed on day 4 when oxygen saturation dropped to 89.3% with a100% oxygen mask. He died of refractory respiratory failure on day 7. Corticosteroid was not given throughout the course. Influenza A subtype H5N1 was subsequently cultured from the nasopharyngeal aspirate. The present study included a complete histological review and immunohistochemical study of representative organs. The monoclonal antibody against NP was developed in the Department of Microbiology, the University of Hong Kong by hybridoma derived from mice infected with H5N1 strain CK/YU22/02 (clone 17H4). The derived antibody was immunoglobulin IgG2a class. Its specificity for NP was verified by Western blot using lysate from cells transfected with NP plasmid and control cells without transfection (cell line 293). For the immunohistochemical technique, formalinfixed paraffin-embedded sections were incubated with the monoclonal antibody at 1:5000 dilution at 4°C overnight, then incubated with goat antimouse IgG, heavy-chainspecific and light-chain-specific biotin conjugate (Calbiochem) at 1:2000 dilution for 30 minutes at room temperature. After incubation with streptavidin/peroxidase complex reagent (Vector Laboratories) for 30 minutes at room temperature, color was developed using 3,3′-diaminobenzidine (Vector Laboratories) according to the manufacturer's instructions. The immunohistochemical technique was verified by using lung sections of mouse killed 48 hours after infection with H5N1 virus. To evaluate for falsepositive reactions due to endogenous biotin, we used controls with addition of antihuman papillomavirus (anti-HPV) antibody (monoclonal antibody of IgG2a class developed locally against L1 antigen of HPV serotype 18, dilution 1:5000) and phosphate-buffered saline (PBS) instead of the anti-NP antibody. In addition, sections of similar organs of 2 control cases were also tested. One was a patient dying of severe acute respiratory syndrome (SARS), and the other was a patient dying due to a traffic accident.
Results
Western blot confirmed the specificity of the anti-NP antibody with demonstration of the NP at a band about 50 kd ( Fig. 1 ). Immunohistochemistry showed infected bronchiolar epithelium ( Fig. 1 ) in the mouse evident by brown nuclear reaction, whereas the controls with anti-HPV ( Fig. 1 ) and PBS were negative.
On histological review, the respiratory epithelium from the trachea to the bronchioles showed reactive hyperplasia (Fig. 2) . The lungs showed diffuse alveolar damage in the acute phase, with alveolar hemorrhage, edema, fibrin, and inflammatory cell exudate (Fig. 2C) . Reactive hemophagocytosis and activated lymphocytes were noted in the reticuloendothelial system including the hilar lymph nodes and bone marrow (Fig. 2) . The spleen showed lymphoid depletion. The heart and adrenal glands showed focal ischemic necrosis without inflammatory changes. The skeletal muscle showed focal fiber necrosis with sparse lymphohistiocytic infiltration. The liver showed mild centrilobular macrovesicular steatosis. Other organs including the stomach, intestines, pancreas, kidneys, brain, thyroid, and pituitary showed no remarkable pathology. Viral culture of the postmortem lung was positive for H5N1, but cultures on the liver, kidney, bone marrow, and the brain were negative.
Immunohistochemistry showed a positive reaction in the upper and lower respiratory epithelium ( Fig. 3) and pneumocytes (Fig. 3) . The intensity of reactive pneumocytes was generally low with a maximal intensity of about 5 to 10 reactive cells per high power field (Nikon Eclipse 80i microscope, ×400, field diameter 400 μm). Occasional lymphocytes in the alveolar exudate and in the parenchymal or intravascular location of a few organs such as the tonsil, spleen, and heart were reactive. The small and large intestinal epithelium (Fig. 3) ; hematopoietic cells of the bone marrow . Inset 1 showed high-power view of the reactive pneumocytes, and inset 2 showed control alveolus of a patient with SARS. C, Small intestine with positive epithelial cells and high-power view in inset 1. Inset 2 showed small intestine of a patient with SARS. D, Large intestine with positive epithelial cells and high-power view in inset. E, Bone marrow with reactive myelocytes (b) and erythroblasts (bb) and high-power view in inset 1 showed 2 reactive megakaryocytes. Inset 2 showed control section with anti-HPV. Inset 3 showed bone marrow of a patient with SARS. F, Midbrain with a reactive neuron. Inset 1 showed a highpower view of the reactive neuron with an adjacent nonreactive astrocyte and another pair of negative neurons and astrocytes above. Inset 2 showed the cerebral cortex with an elongated reactive astrocyte, 3 negative small neurons with round nuclei, and another negative astrocyte with slightly elongated nuclei (original magnifications ×400, except B1, E1, F1 ×1000; C1, D inset, E, F2 ×800).
including myelocytes, erythroblasts, and megakaryocytes (Fig. 3) ; and neurons and astrocytes of the brain (Fig. 3) were also positive. The brain regions studied included cerebral cortex, basal ganglia, midbrain, pons, medulla, and cerebellum. Scattered immunopositive neurons and astrocytes were noted in all these regions except the medulla. All the positive reactions were largely confined to the nuclei. Reactions of the myocardium, stomach, pancreas, kidney, liver, adrenal, and skeletal muscle were negative. The negative controls, including anti-HPV, PBS, and the 2 control postmortem cases, were all negative except for very occasional weak nuclear or cytoplasmic reaction ascribed to endogenous biotin reactions (inset of Fig. 3 ).
Discussion
We confirmed the results of Gu et al that H5N1 infected the trachea, bronchi, pneumocytes, lymphocytes, and neurons [5] . However, we demonstrated a positive reaction also in the small intestine and astrocytes (negative by Gu) and colon and bone marrow (not done by Gu). Thus, our case has shown the widest tissue tropism of H5N1 virus in human cases so far studied. These results differed from the negative findings by To et al [7] and the positive reaction confined to the pneumocytes by Uiprasertkul et al [8] . These differences could be related to the duration of disease (1 month in To's cases), technical issues such as sensitivity of methodology, and other factors. The possibility that different H5N1 strains may have different tissue tropism in humans was not excluded. Similar to Gu, we demonstrated a low intensity of positive pneumocytes in the lung despite severe diffuse alveolar damage (DAD). One possibility was that the high intensity of infection had already been eradicated by the patient's immune system, correlating with the severe DAD. Alternatively, the low intensity of viral infection did not play a major role in the pathogenesis of the lung injury. Some studies suggested that dysregulation of immunoresponses led to the respiratory and multiorgan failure [7, 8] . Despite viral infection in multiple extrapulmonary organs, they did not show any specific pathological change, apart from necrosis likely related to hypoxia. Furthermore, postmortem viral culture was positive only in the lung and negative in the bone marrow and brain. These observations indicated ineffective or very minimal viral replication and/or minimal viral antigenic expression in the infected cells. If substantial viral expression was present in the infected host cells, the inmate and cell-mediated immunity arm including cytotoxic T lymphocytes would be expected to mount an immune reaction against them and result in tissue injury.
In conclusion, we have demonstrated a widespread systemic infection of H5N1 virus in human. However, specific pathological changes were present only in the respiratory system. The results and available information support that H5N1 virus does not replicate efficiently in human tissue. More postmortem studies are needed to elucidate the pathogenesis of the highly fatal H5N1 virus infection in humans.
